The substrate specificity of formaldehyde dehydrogenase purified from a cell-free extract of Pseudomonasputida C-83 was reinvestigated with a series of aldehyde and alcohol substrates. The activities toward formaldehyde and «-butanol were almost parallel throughout the procedures of enzyme purification and pH-stability experiments, suggesting that the same enzyme protein shows dehydrogenase activities for both aldehyde and alcohol substrates. Formaldehyde was the best substrate and the enzyme showed reduced activity with increasing length of alkyl groups of aldehydes, no activity being detected for «-butyraldehyde.
pentanol was the best substrate, and no activity was observed for methanol or ethanol. The enzyme activity for alcohols increased with increasing length of alkyl groups until «-pentanol and then decreased gradually. The dehydrogenase activity toward formaldehyde was inhibited competitively by other aldehydes but noncompetitively by «-butanol and «-hexanol. On the other hand, the type of inhibition by aldehydes for «-butanol dehydrogenation varied depending upon the length of alkyl groups of aldehydes used.
We have previously reported the purification and some properties of four enzymes involved in catabolism of creatinine by Pseudomonas putida C-83, creatinine amidohydrolase, creatine amidinohydrolase, sarcosine dehydrogenase and formaldehyde dehydrogenase.x~6) The last enzyme was NAD+de-pendent but did not require glutathione as a co-factor and did not catalyze the reverse reaction (hydrogenation of formate to formaldehyde), different to the usual formaldehyde dehydrogenases hitherto reported.7'8) Throughout the purification of the enzyme, it was found that the active fractions for formaldehyde were always accompanied by the dehydrogenase activity toward «-butanol, there being an almost constant ratio of the activities for both substrates.
In order to clarify whether the two activities are chromatographically separable or not, the enzyme was again highly purified by the previous method with modifications, and its substrate specificity was reexamined in detail by using a series of aldehyde and alcohol substrates. The present paper deals with the substrate specificity of the formaldehyde dehydrogenase purified to homogeneity from a cellfree extract of Pseudomonasputida C-83.
MATERIALS AND METHODS
Materials. The following reagents were purchased from Nakarai Kagaku Co., Kyoto: Phenazine methosulfate (PMS), nitro blue tetrazolium (NBT) and 3-methyl-2-benzothiazolinone (MBT). NAD+, NADHand NADP+ were from Kojin Kagaku Co., Tokyo. Aldehydes and alcohols were from E. Merck, Germany. Sephadexs, DEAE-Sephadex and phenyl Sepharose CL-4B were products of Pharmacia Fine Chemicals, Sweden.
Hydroxyapatite was prepared following the method described by Bernardi.9) Enzyme activity assay. (A) Diformazan formation:
During the purification of formaldehyde dehydrogenase, * Present address: Toyo Boseki Co., Ltd., Toyo-machi 10-24, Tsuruga 914, Japan. Abbreviations: MBTH,3-methyl-2-benzothiazolinone hydrazone; NBT, nitro blue tetrazolium; PMS, phenazine methosulfate; SDS, sodium dodecyl sulfate. the enzyme activity was assayed by the formation of diformazan by following the increase in absorbance at 570 nm after coupling the NAD+ reduction with PMSand NBT. To 0.5ml of 4.8mM HCHOin 50mM Tris-HCl buffer, pH 7.8,*1 containing 0.5% Triton X-100, were added 0.1ml of 12mMNAD+and 0.1ml ofa mixture of 0.05% each of PMSand NBTin water. The reaction was started by adding 0.5ml of the enzyme to the above solution at 37°C. After incubation for 15 min, the reaction was stopped by adding 3ml of 0.3n HC1, and the absorbance at 570nm was measured with a Hitachi 100-10 spectrophotometer. The activity in units was calculated with the following equation, for which one unit was denned as the amount of enzyme that formed one-half yumol of diformazan per min under the conditions. The dehydrogenase activity on «-butanol was also assayed by the method described above, except that the final concentration of «-butanol was 0.1 m. Protein concentration was estimated spectrophotometrically assuming that A\X°m at 280nm is 10, and the specific activity was expressed as activity units per mg protein.
(B) NADH formation:
For the purified enzyme, the dehydrogenase activity was assayed in terms of the increase in absorbance at 340nm due to the formation of NADH using a Shimadzu UV-300 spectrophotometer equipped with a thermostatted cell compartment. Oneml of 2.4mM formaldehyde or 0.12m rc-butanol in 60mM sodium carbonate-bicarbonate buffer of the respective optimal pH was incubated at 37°C with 0.1 ml each of the enzyme and 12niM NAD+.The change in optical density at 340nm was followed for several min and the initial rate was expressed as AE340per min.
Kinetic studies. The enzymereaction was carried out by method B, except that various concentrations of aldehydes and alcohols and a fixed, saturated concentration of NAD+were used. The apparent Kmand Fmaxvalues were estimated according to the best fitting plots method using a Commodoremicrocomputer 3032. The apparent Km value for NAD+was also estimated by the same method, except that fixed and saturated concentrations of aldehydes and alcohols were used. Ki values of various aldehydes and alcohols were calculated from LineweaverBurk plots.
Stoichiometry of the formation of formic acid from formaldehyde and of NADHfrom NAD+was confirmed as described previously.6'100
The formation of butyraldehyde from «-butanol was also confirmed by the method of Sawicki et al.ll) by using 3-methyl-2-benzothiazolinone hydrazone (MBTHmethod). Tris-HCl buffer, pH 7.2, and then passed through a column (3 x 90cm) of Sephadex G-25 previously equilibrated with the above buffer to remove ammonium sulfate. The active fractions were combined, applied to a column (3 x 30 cm) of DEAE-Sephadex A-50 equilibrated with the above buffer, and after the column was washed with the buffer, the adsorbed enzyme was eluted with an increasing linear concentration gradient of NaCl to 0.3m in a total volume of 1.2 liters/ Active fractions were combined and subjected, under 10% saturation with ammoniumsulfate, to hydrophobic chromatography on a phenyl-Sepharose CL-4B column (2.4 x 30cm) previously equilibrated with the above buffer with 10% saturation with ammonium sulfate. The adsorbed enzyme was eluted with a decreasing linear gradient of ammoniumsulfate (10% saturation to 0%) in 250 ml each of the same buffer. After concentration by ultra filtration with an Amicon PM-10, the enzyme solution was subjected to gel filtration on a column (2 x 1 10cm) of Sephadex G-150 equilibrated with 10 mMphosphate buffer, pH6.8. The active fractions were combined and applied to a column (1.5 x 15cm) of hydroxyapatite equilibrated with the same buffer, and the adsorbed enzymewaseluted with an increasing linear gradient of phosphate to 0.5m in a total volume of 300ml. Active fractions of constant specific activity (ll.2~ll.4) were combined, concentrated by ultra filtration and then dialyzed against 10 mMphosphate buffer, pH 6.8. The remaining part of the cell-free extract was also subjected to the same procedures and the final preparation was stored at -20°C until use.
RESULTS AND DISCUSSION
Purification and some properties of the enzyme Table I summarizes the purification of formaldehyde dehydrogenase of Pseudomonas putida C-83, and the chromatogram on hydroxyapatite is shown in Fig. 1 . As shown in Table I , the ratio of dehydrogenase activities for formaldehyde and w-butanol was approximately constant throughout the purification procedures, and the elution profile of the formaldehyde dehydrogenase activity on a hydroxyapatite column completely coincided with that of the activity for «-buta-** pH7.8, which is not the optimal pH for the enzyme activity, was adopted, since quantitative formation of diformazan is possible only at pHs lower than 8. O, activity for formaldehyde; #, activity for rc-butanol. nol (Fig.  1 ).
The final preparation was electrophoretically homogeneous as judged by disc gel and SDS gel electrophoreses and both activities were found in the region of the protein peak residual activities were assayed using 0. 1 ml aliquots of the incubation mixtures by method B at respective optimal pHs. Buffers used were: acetate (pH 4.5), phosphate (pH 6.2-7.2), Na2CO-NaHCO3 (pH 9.0-10.2) and NaOHKCl (pH ll.5-12.3).
O, activity for formaldehyde; #, activity for w-butanol.
(data not shown). As shown in Fig. 2 , the pHstability profile was almost the same for both dehydrogenase activities. These results led us to conclude that the same enzymeprotein exhibits both dehydrogenase activities. However, the optimum pHs for the activities on aldehydes and alcohols are clearly distinguishable from each other. The enzyme was The reaction mixtures were composed of 8.8fig of the enzyme, 2mMformaldehyde or 0.1 m «-butanol and 1 mM NAD+in 1.2ml of50mM buffers of various pHs, and the activities were assayed by method B. Buffers used were: phosphate (pH 6-7.6), Tris-HCl (pH 7.2 -8.8), Na2CO3-NaHCO3 (pH 8.7~ll) and NaOH-KCl (pH ll.5-12.5). O, activity for formaldehyde; #, activity for H-butanol.
most active at pH 8.9*2 for formaldehyde and at pH 10.8 for «-butanol and other alcohols (Fig. 3) . The maximum activity for «-butanol at optimal pH was about 40% that for formaldehyde.
Substrate specificity The enzyme is NAD+-dependent and does not require glutathione. The apparent Kmand Kmax values for dehydrogenation of aldehydes and alcohols were estimated with a fixed, saturated concentration of NAD+ and are summarized in Table II . For the aldehyde series, formaldehyde was the best substrate for the enzyme, the Km value being 0.09mM and Amongalcohols tested, n-pentanol was best substrate with respect to the Fmaxvalue. As expected from the large Kmvalues for alcohols (Table II) , high concentrations were required for the maximumactivity, especially with low molecular weight alcohols. No activity was observed for methanol or ethanol.
Interestingly, Kmvalues for alcohols tended to decrease parallel with the increase in the length of the alkyl group. This suggests that hydrophobicity of the alkyl group is related to the binding of an alcohol substrate to the enzyme. On the contrary, the Fmaxvalue was variable: it rose with an increase in length of the alkyl group until n-pentanol and then decreased gradually.
The enzyme was inert toward isopropanol, sec-butanol, terf-butanol and ter/-pentanol, indicating that a length of three carbon atoms without a side-chain at the a-carbon of the alkyl group is a minimum requirement for a substrate of the enzyme. The Kmvalue for NAD+in dehydrogenation of aldehydes and alcohols was also examined.
*2 This value is different from that reported previously.6* We did not find that borate buffer used previously at pH 8~10 was markedly inhibitory for the dehydrogenase activity. On changing the buffer to a sodium carbonatebicarbonate system, a value of 8.9 was obtained as the optimal pH for dehydrogenation of aldehydes. Almost the same order of was obtained for all substrates (Table III) .
Inhibition of dehydrogenase activities for formaldehyde and n-butanol by other aldehydes and alcohols Inhibitory effects of^-alcohols and aldehydes on the enzymatic dehydrogenation of formaldehyde and w-butanol were examined.
As shown in Table IV , the activity for formaldehyde was competitively inhibited by the w-alkyl aldehyde series, whereas it was inhibited noncompetitively by a series of /7-alkyl alcohols.
On the other hand, the dehydrogenase activity for «-butanol was competitively inhibited by ethanol and «-propanol. Interestingly, however, the type of inhibition by aldehydes for «-butanol dehydrogenation was dependent upon the number of carbon atoms in the alkyl group; noncompetitive for acetoaldehyde but competitive for w-butyrand rc-valeraldehydes.
These results suggest that the binding sites for aldehydes and alcohols are somewhat different but are located fairly close to each other. Presumably, the hydrophobic pocket of the enzyme is occupied by both w-butanol and aldehydes of longer alkyl groups, though the latter compoundsare unable to act as substrates for the enzyme. Steady-state kinetic analysis of the Bi substrates-Bi products reaction of this enzyme The activities for formaldehyde and H-butanol were assayed by method B at respective optimal pHs. Substrate analogues were used at low concentrations at which the activities were negligibly low.
as well as the reaction mechanism of the dehydrogenation is nowunder investigation in detail and will be reported elsewhere.
